Expression of alternative oxidase (AOX) and cyanide (CN)-resistant respiration are often highly enhanced in plants exposed to low-nitrogen (N) stress. Here, we examined the effects of AOX defi ciency on plant growth, gene expression of respiratory components and metabolic profi les under low-N stress, using an aox1a knockout transgenic line ( aox1a ) of Arabidopsis thaliana . We exposed wild-type (WT) and aox1a plants to low-N stress for 7 d and analyzed their shoots and roots. In WT plants, the AOX1a mRNA levels and AOX capacity increased in proportion to low-N stress. Expression of the genes of the components for non-phosphorylating pathways and antioxidant enzymes was enhanced, but differences between WT and aox1a plants were small. Metabolome analyses revealed that AOX defi ciency altered the levels of certain metabolites, such as sugars and sugar phosphates, in the shoots under low-N stress. However, the carbon (C)/N ratios and carbohydrate levels in aox1a plants were similar to those in the WT under low-N stress. Our results indicated that the N-limited stress induced AOX expression in A. thaliana plants, but the induced AOX may not play essential roles under stress due to low-N alone, and the C/N balance under low-N stress may be tightly regulated by systems other than AOX.
Introduction
Mitochondria in higher plants possess alternative oxidase (AOX) on the inner surface of their inner membranes. This AOX forms the alternative cyanide-(CN) resistant respiratory electron transport pathway from ubiquinol to molecular oxygen. Since AOX is not coupled to the generation of the H + motive force, the electron fl ux to AOX apparently wastes energy. Expression of AOX genes and levels of AOX proteins increase in response to diverse biotic and abiotic stresses ( Vanlerberghe and Ordog 2002 , Finnegan et al. 2004 , Clifton et al. 2006 . It has been suggested that stress-induced AOX suppresses the production of reactive oxygen species (ROS) by dissipating excess reducing equivalents ( Maxwell et al. 1999 . Recently, it has been indicated that AOX is involved in metabolic homeostais and modulates the strength of the stress signaling pathway from mitochondria ( Vanlerberghe et al. 2009 ).
Under low-nitrogen (N) stress, AOX expression is highly induced. It has been considered that the induced AOX exerts a control over the carbon (C) and N balance by consuming excess sugars ( Sieger et al. 2005 , Noguchi and Terashima 2006 ) . Sieger et al. (2005 ) showed that the capacity for electron transport to AOX, as well as the amount of AOX protein, increased in cultured tobacco cells in a low-N medium. They also reported that AOX1 antisense transgenic (AS8) cells showed greater cell dry weight and carbohydrate levels than did wild-type (WT) cells in the low-N medium. These increases were accompanied by an increase in the C/N ratio. Noguchi and Terashima (2006 ) showed that the AOX protein level, AOX capacity and C/N ratio in spinach leaves increased with a decrease in N nutrition levels. Microarray analyses revealed that AOX1a mRNA of Arabidopsis thaliana was induced under N-limited conditions ( Scheible et al. 2004 , Castaings et al. 2009 ). Recently, it was reported that in A. thaliana the transcription of AOX1a was regulated by the nodule inception protein (NIN)-like protein 7 (NLP7) depending on the nitrate levels ( Castaings et al. 2009 ). However, there has been no study investigating whether the low-N-induced AOX is involved in the consumption of excess carbohydrates and regulation of the C/N balance at the whole plant level.
In A. thaliana , fi ve AOX genes ( AOX1a , 1b , 1c , 1d and AOX2 ) have been identifi ed ( Saisho et al. 1997 , Thirkettle-Watts et al. 2003 . In addition to AOX, plant mitochondria possess other non-phosphorylating pathways in the respiratory chain, such as those involving type II NAD(P)H dehydrogenases (NDs) and uncoupling proteins (UCPs). NDs are located on the inner (NDin) or outer (NDex) surfaces of the inner membrane, by-passing the H + -pumping complex I ( Michalecka et al. 2003 , and UCPs catalyze H + conductance from the intermembrane space to the matrix, thus dissipating the H + gradient . Genes encoding NDin ( NDA1 , 2 and NDC1 ) and NDex ( NDB1 , 2 , 3 and 4 ) have been identifi ed in A. thaliana . Several UCP genes ( UCP1 , 2 , 3 , 4 , 5 and 6 ) have been reported in A. thaliana ( Maia et al. 1998 , Watanabe et al. 1999 , although UCP4, 5 and 6 were recently identifi ed as dicarboxylate carriers (DIC2, 1 and 3, respectively) ( Palmieri et al. 2008 ).
In our previous study with an AOX1a knockout transgenic line ( aox1a ) of A. thaliana grown at low temperatures, we found that the lack of AOX disrupts the balance of C and N metabolism ( Watanabe et al. 2008 ) . We concluded, therefore, that AOX indirectly infl uences C and N metabolism at low temperatures. Moreover, we revealed that the transcript levels of the genes for NDs, UCPs and several antioxidant enzymes were upregulated in aox1a leaves treated at 4 ° C. We discussed the proposal that these up-regulated components could complement the functions of AOX at low temperatures. Furthermore, in aox1a plants treated at low temperatures, starch accumulated, thereby increasing the leaf C/N ratio more markedly than that in WT plants ( Watanabe et al. 2008 ) .
In general, low-N stress increases carbohydrate levels and the C/N ratio in plants even at moderate temperature Terashima 2006 , Lemaître et al. 2008 ) . Therefore, in this study, we examined the effects of low-N stress on the respiratory properties of WT and aox1a plants to clarify the roles of AOX in growth and in C and N metabolism under low-N stress. We transferred both WT and aox1a seedlings from high-N to N-limited conditions and analyzed their growth, respiratory rate and gene expression of several components of the respiratory chain and antioxidant enzymes in their shoots and roots on day 7 after the transfer. We also examined various primary metabolites to clarify the effects of the absence of AOX on C and N metabolism under low-N stress. Finally, the physiological roles of AOX in plants under low-N stress are discussed.
Results

Growth in WT and aox1a plants under low-N stress
At day 17 (7 d after transfer to the three N conditions) we compared the FW of shoots and roots of WT and aox1a plants ( Table 1 ). At KNO 3 concentrations of 0.5 or 0.1 mM (0.5 N , and 0.1 N) shoot FWs were lower as compared with those at 10 mM (10 N), but differences in root FWs among N conditions were small. The differences in FW of shoots at 0.5 N (0.5 N-shoot) and roots at 10 N (10 N-root) between the two genotypes were statistically signifi cant.
Nitrate was detected only in the 10 N plants, although the differences between the genotypes were small ( Table 1 ) .
Changes in C and N contents in shoots and roots under low-N stress
At 0.5 N and 0.1 N, the N content decreased and the C content increased in both shoots and roots ( Table 1 ) . However, there were only small differences in the C and N contents between the genotypes. In both WT and aox1a , the C/N ratio increased in shoots and roots under low-N stress. Although there were signifi cant differences in the shoot and root C/N ratio [ Supplementary Table S2 , P < 0.1 and 0.05, respectively, two-way analysis of variance (ANOVA)], C/N ratios in aox1a were not higher than those in the WT.
Respiratory rates of shoots and roots under low-N stress
We measured the respiratory rates in shoots and roots after the low-N treatment for 7 d. Total respiratory rates (total R) were unchanged in both shoots and roots ( Fig. 1A, C ) . CN-resistant respiratory rates (CN-resistant R) in WT 0.5 N-shoots and 0.1 N-shoots were dramatically increased compared with 10 N-shoots ( P < 0.05, Tukey-Kramer multiple comparison test). In aox1a 0.5 N-and 0.1 N-shoots, CN-resistant R remained at extremely low levels, albeit with slight increases compared with the control. For CN-resistant R in the shoots at 10 N, there was a signifi cant difference between WT and aox1a , while for roots the difference was small.
Transcriptional changes in components of the respiratory pathways and in antioxidant enzymes under low-N stress
Transcript levels of the nuclear-coded genes for the components responsible for the non-phosphorylating, as well as the phosphorylating, pathways in the shoots and roots are compared in Figs. 2 and 3 , respectively. For the non-phosphorylating pathways, the transcript levels of AOX1a-1d , AOX2 , NDA1 , NDA2 , NDB2 , NDB4 and UCP1 were measured. For the phosphorylating pathway, the transcript levels of the 76 kDa subunit ( CI76 ) in complex I, succinate dehydrogenase ( SDH2-1 ) in complex II and cytochrome c oxidase 6b subunit ( COX6b ) in complex IV were measured. The transcript levels of the genes were calculated from the difference in the threshold cycle (Ct) between 40S ribosomal protein subunit 15A ( Rps15aA ) and each gene. Fig. 4 shows the ratios of each transcript level in aox1a plants to that in WT plants.
Transcript levels of AOX1a in the shoots and roots of WT plants were highly enhanced by low-N stress ( P < 0.01, TukeyKramer multiple comparison test). The transcript levels of AOX1a in WT roots were lower than those in shoots at all N levels ( Figs. 2 , 3 ) . We examined the expression of other genes involved with the non-phosphorylating pathways to clarify whether these components complemented the AOX1a deficiency in the aox1a shoots and roots. Although the transcript levels of other AOX isoforms increased at 0.5 N and 0.1 N, absolute transcript levels were much lower than that of AOX1a . No signifi cant difference was observed in their transcript levels between the genotypes. The transcript levels of all ND genes ( NDA1 , NDA2 , NDB2 and NDB4 ) increased with low-N stress in the shoots of both genotypes ( Fig. 2 ) , and the transcript levels of NDA1 , NDA2 and NDB2 were clearly increased by the low-N stress in the roots of both genotypes ( Fig. 3 ). However, there were no signifi cant differences in the transcript levels of ND genes in both shoots and roots between the genotypes. The transcript levels of UCP1 in aox1a 0.5 N-shoots and 0.5 N-roots were higher than those in the WT ( Figs. 2-4 ; P < 0.1 and P < 0.05, respectively).
Transcript levels of CI76 and SDH2-1 increased under low-N stress in the shoots and roots in both genotypes, whereas the transcript level of COX6b increased under low-N stress only in the roots ( Figs. 2 , 3 ). The transcript level of COX6b in the aox1a roots was signifi cantly higher than that in the WT roots at 0.1 N ( P < 0.05). There were signifi cant differences in the transcript levels of CI76 , SDH2-1 and COX6b in roots between the genotypes ( Fig. 4 ; Supplementary Table S2 , P < 0.05, two-way ANOVA).
The transcript levels for the antioxidant enzymes were examined. All the transcript levels for the antioxidant enzymes increased in shoots in response to low-N stress, except for FSD1 , the chloroplastic iron superoxide dismutase 1, which decreased ( Fig. 2 ) . The transcript level of FSD2 in the aox1a shoots was signifi cantly higher than that in the WT shoots 1 N are the rates in the samples after transfer (day 17) to 10, 0.5 and 0.1 mM nitrate. Black and white bars represent the wild type (WT) and aox1a , respectively. The CN-resistant R was measured in the presence of 2 mM KCN. The means ± SEM are shown ( n = 4-5). * , * * and * * * denote statistically signifi cant differences between the WT and aox1a detected by Student's t -test at P < 0.05, P < 0.01 and P < 0.001, respectively.
( Supplementary Table S2 , P < 0.05, two-way ANOVA), and FSD1 and GPX6 , mitochondrial glutathione peroxidase 6, levels in aox1a 0.5 N-shoots were higher than those in the WT ( Fig. 4 , P < 0.1). Other transcript levels for antioxidant enzymes MSD1 , APX2 and CAT1 showed small differences between the genotypes. Both the absolute transcript levels for antioxidant enzymes and the extent of their increases by low-N stress in the roots were lower than those in the shoots of both genotypes ( Figs. 2 , 3 ). In contrast, the PAL1 , phenylalanine ammonia-lyase 1, levels in roots were higher than those in the shoots of both genotypes. PAL is a key enzyme in anthocyanin biosynthesis. 
Fig. 2 Transcript levels of respiratory and antioxidant enzyme genes in shoots of WT and aox1a . 10 N, 0.5 N and 0.1 N are the transcript levels in the samples after transfer (day 17) to 10, 0.5 and 0.1 mM nitrate. The transcript levels were calculated from the difference in the threshold cycle (Ct) between Rps15aA and each gene. The means ± SEM are shown ( n = 3). * * and * * * denote statistically signifi cant differences between the WT and aox1a detected by Student's t -test at P < 0.01 and 0.001, respectively.
changed to brown (data not shown). However, there were no signifi cant differences in the transcript levels of PAL1 in roots between the genotypes.
Changes in primary metabolites and non-structural carbohydrates levels under low-N stress
We investigated the effects of the lack of AOX on C and N metabolism under low-N stress. In addition to non-structural carbohydrates (starch, glucose and sucrose), amino acids, organic acids and sugar phosphates were analyzed using a capillary electrophoresis-mass spectrometry (CE-MS) system. As a whole, under low-N conditions, the amounts of non-structural carbohydrates and sugar phosphates increased, and those of organic acids and most amino acids decreased ( Supplementary Figs. S1-S4 ). In 0.5 N-and 0.1 N-shoots of both genotypes, the levels of most amino acids decreased, except for lysine, 
Fig. 3 Transcript levels of respiratory and antioxidant enzyme genes in roots of WT and aox1a . 10 N, 0.5 N and 0.1 N are the transcript levels in the samples after transfer (day 17) to 10, 0.5, and 0.1 mM nitrate. The means ± SEM are shown ( n = 3). * and * * denote statistically signifi cant differences between the WT and aox1a detected by Student's t -test at P < 0.05 and 0.01, respectively.
γ -aminobutyric acid (GABA), leucine, isoleucine, tyrosine and tryptophan, all of which increased under low-N stress. These amino acids (lysine, leucine, isoleucine, tyrosine and tryptophan) are the end-products of the primary metabolic pathways, and contain relatively abundant C. The levels of most organic acids decreased at 0.5 N and 0.1 N in shoots of both genotypes, while the levels of phosphoenolpyruvate (PEP) and 2-oxoglutarate (2-OG) increased. The pyruvate level did not change irrespective of N conditions. Most sugar phosphate levels tended to increase under low-N stress in shoots of both genotypes. In the roots, the patterns of changes for most amino acids and organic acids in response to low-N stress were similar to those in shoots, except those for histidine, arginine, threonine, GABA and methionine ( Supplementary Fig. S2 ). The levels of most sugar phosphates in the roots were insensitive to low-N stress, while the levels of fructose 6-phosphate (F6P) and fructose 1,6-bisphosphate (FBP) increased. We calculated ratios of the metabolic levels in aox1a plants to those in the WT ( Fig. 5 ) . In aox1a 0.5 N-shoots, some metabolite levels [glycine, lysine, 2-OG, glyoxylate, PEP and 3-phosphoglycerate (PGA)] were lower, and alanine, aspartate, F6P and glucose 6-phosphate (G6P) were higher than those in WT shoots ( Fig. 5 ) . Two-way ANOVA results indicated significant differences in the levels of aspartate, GABA and 2-OG in shoots between the genotypes ( Supplementary Table S2 , P < 0.05). At 0.1 N, fumarate and sucrose levels were lower, and the ribose 5-phosphate (R5P) level was higher, in aox1a shoots than in the WT. In aox1a 0.1 N-roots, the levels of some amino acids and F6P were lower, and glyceraldehyde 3-phosphate (GAP) and glucose 1-phosphate (G1P) levels were higher than those in the WT. There were signifi cant differences in the levels of PEP and F6P in roots between the genotypes ( Supplementary Table S2 , P < 0.05, two-way ANOVA). In addition, in aox1a 0.5 N-shoots, the balance of amounts of metabolites in glycolysis was changed compared with the WT, for instance the PEP/pyruvate ratios were 0.24 and 0.075, and the F6P/FBP ratios were 3.4 and 7.3 in the WT and aox1a , respectively.
Discussion
Low-N stress strongly enhanced AOX1a transcription and CN-resistant respiration in A. thaliana plants. In aox1a plants, the expression of genes for other respiratory components and some antioxidant enzymes was increased under low-N stress. Concerning the primary metabolites in plants, the responses of some metabolites to low-N stress were changed. Overall, the balance of metabolite levels in the glycolysis pathway was altered in aox1a plants as compared with those in the WT by the 0.5 N treatment. However, there were no dramatic differences in plant growth and total R between the WT and aox1a . In addition, the C/N ratio in aox1a plants was not higher; rather, it was lower than that in the WT. These results show that the N-limited stress induced AOX expression, and the AOX defi ciency led to some changes in gene expression and metabolite levels under low-N stress. Meanwhile, plant growth and respiration were not changed in aox1a plants compared with those in the WT, at least under the growth conditions used in this study. Ratio (aox1a/WT) Root Shoot Fig. 4 Ratios of transcript levels of respiratory and antioxidant enzyme genes in aox1a plants compared with the WT under low-N stress. Data are expressed as the ratio of transcript level in aox1a to that in the WT. Blue and red indicate the genes signifi cantly increased or decreased in aox1a plants ( P < 0.05), respectively. Pale blue and orange denote an increase or decrease in aox1a plants ( P < 0.1), respectively. Black indicates no signifi cant difference. Fig. 5 Ratios of primary metabolite levels in aox1a plants compared with the WT under low-N stress. Data are expressed as the ratio of metabolite level in aox1a to that in the WT. Blue and red indicate the genes signifi cantly increased or decreased in aox1a plants ( P < 0.05), respectively. Pale blue and orange denote an increase or decrease in aox1a plants ( P < 0.1), respectively. Black indicates no signifi cant difference.
Effects of low-N stress on AOX transcripts and CN-resistant respiration
It has been established that plant growth is suppressed by N-limited stress ( Scheible et al. 1997 ; Stitt 1999 ) , and that the expression of many genes, including AOX genes, changes with N availability ( Wang et al. 2003 , Scheible et al. 2004 . It was reported that NLP7 acts upstream of AOX1a induction under low-N conditions in A. thaliana ( Castaings et al. 2009 ). Further, it has been reported that AOX capacity is induced by low-N stress ( Sieger at al. 2005 , Noguchi and Terashima 2006 ) . In this study, we confi rmed that expression of the AOX1a gene and CN-resistant respiration increased in A. thaliana plants under low-N stress. However, this increase did not affect the total R, which was maintained at similar rates irrespective of the genotypes and N availabilities ( Fig. 1 ) . The transcript levels of other AOX isoforms also increased in the WT plants under low-N stress, although these transcript levels were fairly low as compared with those of AOX1a ( Figs. 2 , 3 ) . In aox1a plants, the CN-resistant respiration increased slightly at 0.5 N and 0.1 N, probably due to the induction of other AOX isoforms. However, the difference in the transcript levels of other AOX isoforms was small between the WT and aox1a , suggesting that there was no complementation of the AOX1a defi ciency by other AOX isoforms.
Transcript levels of other respiratory components and antioxidant enzymes in the aox1a plants
Few studies have focused upon the transcript levels of respiratory components under N-limited conditions. In this study, we observed that transcript levels of ND genes increased at 0.5 N and 0.1 N in shoots of both WT and aox1a . However, the transcript levels of ND genes in aox1a plants did not differ from those in the WT ( Figs. 2 , 3 ). UCP1 levels were higher at 0.5 N in aox1a plants compared with those in the WT ( Fig. 4 ) . In addition, the transcript levels of CI76 , SDH2-1 and COX6b were higher in aox1a roots than in the WT under low-N conditions. Previously, we showed that transcript levels of NDA1 , NDB2 , UCP1 and COX6b were higher in aox1a leaves than in WT leaves treated at 4 ° C ( Watanabe et al. 2008 ) ; thus the complementation by other respiratory components in aox1a plants differs among the stress conditions. However, in contrast to cold stress, the total R in aox1a plants treated at 0.5 N and 0.1 N was similar to that in the WT, suggesting that the up-regulation of other respiratory components in aox1a plants did not lead to an increase in total R.
In contrast, it has been shown that in AOX-lacking cultured tobacco cells, the internal NADH oxidation activity was slightly higher, while external NADH and NADPH oxidation were similar to those in WT cells ( Sieger et al. 2005 ) . In WT cells, these activities decreased under low-N stress, and the capacity for the cytochrome pathway (CP) was signifi cantly reduced. Under low-N stress, the respiratory rate on a DW basis in WT cells was slightly decreased, but the respiratory rate in AOX-lacking cells was markedly decreased. The authors concluded that AOX induction under low-N stress may contribute to an increase in the total electron transport chain (ETC) capacity when the CP is curtailed ( Sieger et al. 2005 ). In our study, the total R on both an FW basis and a DW basis in aox1a plants were similar to those in the WT under low-N stress ( Fig. 1 , and data on the DW basis, not shown). It is conceivable that the activities of other respiratory pathways may increase under low-N stress in both WT and aox1a plants.
We reported that the expression of genes for certain antioxidant enzymes was more strongly induced in aox1a leaves than in the WT treated at 4 ° C ( Watanabe et al. 2008 ). Transcript levels of the genes for most antioxidant enzymes were increased under low-N stress in both the WT and aox1a ( Figs. 2 , 3 ). Transcript levels of certain antioxidant enzymes tended to be higher in aox1a shoots than in the WT at 0.5 N ( Fig. 4 ) . In roots, there were no signifi cant differences in the transcript levels of antioxidant enzymes between the genotypes. From these results, it is considered that, under low-N conditions, the contribution of AOX as an antioxidant system would be small.
Changes in primary metabolites under low-N stress
The balance of primary metabolite levels in the glycolysis pathway was altered in aox1a plants as compared with those in the WT at 0.5 N ( Fig. 5 ) . To elucidate the differences in primary metabolism between the two genotypes, we conducted hierarchical clustering analysis (data not shown) and principal component analysis (PCA ; Fig. 6 ). The results of hierarchical clustering analysis showed that clustering patterns were similar between the WT and aox1a . However, the positions of certain metabolites differed between the genotypes. PCA revealed differences in metabolic profi les. The fi rst component represented the overall profi le along with N levels. This component contributed to half of the total variance. For the second component, the 0.5 N condition showed a high score. For the fi rst and second components, there were no differences in scores between the WT and aox1a . However, for the third component, aox1a at 0.5 N was separated from the WT. This result may be due to the changes in the levels of organic acids and sugar phosphates in aox1a shoots. These results suggest that the AOX defi ciency leads to changes in the metabolic profi le in shoots.
In contrast, in roots of both genotypes, the levels of most sugar phosphates remained unchanged by low-N stress ( Supplementary Figs. S3, S4 ). This difference between shoots and roots may be due to the activity of photosynthesis. In shoots, sugar phosphates produced by photosynthesis are accumulated under low-N stress, whereas, in roots, photosynthetic products translocated from shoots are probably used for root growth to access a greater supply of nitrate. Between WT and aox1a roots, there were only small differences in the results of hierarchical clustering analysis (data not shown) and PCA ( Supplementary Fig. S5 ). It is conceivable that AOX has a role in the dissipation of reducing equivalents mainly in photosynthetic organs; therefore, the AOX defi ciency may infl uence cellular metabolites. Indeed, the transcript levels of AOX1a in shoots were remarkably higher than those in roots ( Figs. 2 , 3 ). Many differences in metabolite responses, growth, respiration and the C/N ratio under low-N stress were found between tobacco cultured cells ( Sieger et al. 2005 ) and A. thaliana plants in this study. The differences may be attributed to the fundamental differences between heterotrophic cultured cells and photosynthesizing plants.
Signaling pathways of AOX1a expression
As mentioned above, NLP7 regulates the induction of the AOX1a gene under low-N conditions in A. thaliana ( Castaings et al. 2009 ). In addition, the nlp7 mutant showed a phenotype of reduced water loss and drought tolerance as compared with the WT ( Castaings et al. 2009 ). This result suggests that the signaling from nitrate exerts an effect on the ABA signaling pathway and that it may involve an interaction with cytokinin.
Recently, it has been reported that ABA-insensitive 4 (ABI4) is a transcription factor for the expression of AOX1a in A. thaliana plants ( Giraud et al. 2009 ). Further, the ABA signaling pathway may be involved in the expression of AOX1a under low-nitrate stress. Although the genes engaging in the ABA signaling pathway did not show rapid responses to the nitrate treatment ( Wang et al. 2003 , Sakakibara et al. 2006 , there is circumstantial evidence indicating that expression of the ABA-responsive genes is driven by the nitrate level ( Rahayu et al. 2005 ) . Furthermore, it is expected that there would be specipic cascades for the induction of AOX1a in response to the nitrate level, but it is unclear whether NLP7, ABI4 or cytokinin pathways act independently, in series or redundantly. Further studies are needed to elucidate in detail the signaling pathways of AOX1a induction under N-limited stress.
Roles of AOX under low-N stress
Since AOX expression and AOX capacity are enhanced in response to various stresses and chemical treatments, many studies have investigated the responses of AOX to single stress factors. In the case of low-N stress, it would be advantageous to plants to induce AOX when they are exposed to additional stresses. In the fi eld, the soil nitrate concentration is variable and often insuffi cient for rapid plant growth ( Miller et al. 2007 ) . Plants should be able to cope with fl uctuating N availability by adjusting their physiology and structures. Moreover, sudden changes in other environmental variables frequently occur. For example, plants are often exposed to high light stress in the daytime. The high light treatment under lower N conditions causes a considerable reduction in the electron transport system, leading to oxidative damage to the photosynthetic machinery ( Khamis et al. 1990 ). For instance, when plants are exposed to high light under low-N stress, excess reducing equivalents would be transferred to the mitochondria ( Yoshida et al. 2007 ). Further, the diurnal changes in temperature are large, and at extreme temperatures photosynthesis would be suppressed and the ETC would be over-reduced. Under such conditions, the induced AOX would be activated promptly and dissipate the excess reducing equivalents. It has been reported that the growth of A. thaliana aox1a plants was slower than that of WT plants under a combined drought and moderate high light stress condition ( Giraud et al. 2008 ) , which supports our idea. Future investigations, employing combinations of multiple stress conditions, will determine the role of AOX and the complex mechanisms by which it is regulated. In such studies, the fl exible nature of plants and the fl uctuating environmental conditions in the fi eld should be taken into consideration.
Materials and Methods
Plant materials and growth conditions
WT plants of A. thaliana (L.) Heynh. accession Columbia and the aox1a transgenic SALK_084897 T-DNA insertion line of the Columbia background were used. The aox1a transgenic has been identifi ed as having T-DNA at 918 nucleotides downstream of the initiation codon in AOX1a . The plants show neither the AOX1a transcript nor AOX capacity ( Watanabe et al. 2008 ) . Giraud et al. (2008 ) also confi rmed that these aox1a plants showed the same phenotype as the other T-DNA insertion line for AOX1a (SAIL_030_D08). Seeds were sown on an MS-based medium containing the following micronutrients (Sigma M0529; Sigma, Kanagawa, Japan), 2.97 mM CaCl 2 , 1.5 mM MgSO 4 · 7H 2 O, 1.25 mM KH 2 PO 4 , 5.12 mM MES, 4.99 mM K 2 SO 4 , 10 mM KNO 3 and 0.25 % (w/v) Gellan gum in plates. The pH of the medium was adjusted to 5.7 with KOH. After sowing, the seeds were treated at 4 ° C in the dark for 2 d. Henceforth, we have called the day of transfer from 4 ° C to 23 ° C after the chilling treatment, day 0. Plants were grown in an air-conditioned room at 22-24 ° C, 60-70 % relative humidity. The day/night cycle was 14 h/10 h (10:00-24:00 h), and the photosynthetically active photon fl ux density (PPFD) was between 90 and 110 µmol photons m − 2 s − 1 .
Low-N treatment
At day 10, the germinating plants were transferred to new plates measuring 8.5 cm in diameter containing 30 ml of the above-mentioned MS-based medium, except for the nitrate level. We added KNO 3 at concentrations of 10, 0.5 or 0.1 mM; these have been called 10 N, 0.5 N, and 0.1 N, respectively, herein. In 0.5 N and 0.1 N, nitrate was replaced by chloride. The sowing density was 14 seedlings per plate. The growth conditions were the same as above.
Plants were harvested at day 17 (7 d after the transfer) between 14:00 and 16:00 h. Plants were cut into shoots and roots. The whole shoot or the whole roots were used for all the measurements. The samples were rapidly harvested, weighed, and frozen in liquid nitrogen or dried at 80 ° C for 3 d.
Measurement of respiratory rates
Respiratory rates of shoots or roots were measured using liquidphase Clark-type oxygen electrodes (Rank Brothers, Cambridge, UK) at 23 ° C. A buffer containing 50 mM HEPES, 10 mM MES (pH 6.6) and 0.2 mM CaCl 2 was used for measuring the respiratory rates of shoots, while the above-mentioned 0.1 N medium buffer containing 0.1 mM nitrate and MS-based medium was used for measuring the respiration rate of roots. Oxygen consumption rates were calculated assuming that the concentration of oxygen in the air-saturated buffer was 260 µM at 23 ° C. To inhibit the CP, KCN was added at a concentration of 2 mM.
Measurement of C and N content
The C and N contents were measured using a CN analyzer (Vario EL III; Elementar Analysensysteme GmbH, Hanau, Germany). The dry samples were powdered and analyzed.
Measurement of nitrate content
The nitrate content of dry samples was determined according to the method described by Cataldo et al. (1975 ) .
Measurement of non-structural carbohydrate content
Non-structural carbohydrates (starch, glucose and sucrose) were measured according to Watanabe et al. (2008 ) .
Extraction of total RNA and reverse transcription-PCR (RT-PCR)
From the frozen shoots or roots, total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. cDNA was amplifi ed from the extracted RNA using a ThermoScript RT-PCR System (Invitrogen) with oligo(dT) 20 as the primer.
Real-time PCR
Transcript levels were measured using a 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Then, 1 µl of cDNA was amplifi ed in a mixture of 12.5 µl of 2 × Power SYBR Green PCR Master Mix (Applied Biosystems), 0.5 µl of specifi c primers each (fi nal concentration, 0.2 µM) and 10.5 µl of sterilized water. PCR conditions were as follows: 50 ° C for 2 min, 95 ° C for 10 min and 40 cycles of 95 ° C for 15 s followed by 60 ° C for 1 min. Relative transcript levels were calculated by the comparative cycle threshold method. For internal controls, RPS15aA and elongation factor 1-α ( EF1-α ) genes were used. The primer sequences are described in Supplementary Table S1 .
Determination of metabolites by CE-MS
Metabolites were extracted and determined according to the method of Sato et al. (2004 ) with slight modifi cations. Frozen shoots or roots were ground with a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan) using zirconia beads at 2000 r.p.m. at 4 ° C for 5 min in ice-cold 80 % (v/v) methanol. The same volume of an internal standard solution containing 100 µM PIPES and L -methionine sulfone were added to the extracts and mixed using a vortex for 5 min at 4 ° C. The mixtures were centrifuged at 17,400 × g for 5 min at 4 ° C. The supernatants were poured onto Microcon Ultracels (YM-3 3000MWCO; Millipore, Tokyo, Japan) and centrifuged again at 17,400 × g for 30 min at 4 ° C. The fi ltered samples were determined using a CE-MS system with a built-in diode array detector, an 1100 series MSD mass spectrometer, an 1100 series isocratic HPLC pump, a G1603A CE-MS adaptor kit and a G1607A CEESI-MS sprayer kit (all Agilent Technologies, Waldbronn, Germany). The amounts of metabolites were corrected against the internal standards.
Statistical analyses
